Rapidly rotating black holes interact with external magnetic fields, e.g., in black holetorus systems formed from binary black hole-neutron star coalescence or the collapse of young massive stars. If the magnetic field is super-critical, the black hole produces electron-positron outflow along open field-lines by spontaneous emission into radiative Landau states. Here, it is shown that the outflow is stable against polarization of the field-lines by identifying a radiative instability in gaps. The outflow will pair-cascade against the curvature of the magnetic field and produce a e ± γ-wind with negligible Poynting flux.
Lorentz factor, the pair-density and Poynting flux of the outflow, the density of the interstellar medium and, in case of collapsars, the mass of the envelope which falls back.
In this Letter, it is shown that black hole outflow forms a wind on open magnetic field-lines which is pair-dominated with negligible Poynting flux. This result is concluded from an instability in the gaps, where electron-positron pairs are created.
Open field-lines which connect the horizon to infinity are subject to radiative-radiative (RR) boundary conditions, which are ingoing on the horizon as seen by zero angular momentum observers (ZAMOs) and outgoing at infinity. For outflow to exist, this implies the existence of regions of paircreation (gaps) somewhere between the horizon and infinity, well-known from studies of force-free or magnetohydrodynamical flows around black holes (Blandford-Znajek 1977 , Phinney 1983 , Punsly & Coroniti 1990 , Beskin & Kuznetsova 2000 . What is the size of these gaps?
The black hole spontaneously emits electrons/positrons into radiative Landau states along the open magnetic field-lines in an effort to evolve to a lower energy state by shedding off its angular momentum (van Putten 2000) . Indeed, the radiated particles possess a specific angular momentum of at least 2M , whereas the specific angular momentum of the black hole, a, is at most M -a jump of at least M . The emission can be calculated from the Fermi-level
∞ of the particles on the horizon, where ξ a ∂ a denotes the normalized ZAMO-derivative and D a = i −1 ∂ a + eA a the gauge-covariant derivative in the presence of a vector potential A a . The wave-functions of the charged particles with energy-at-infinity ω and azimuthal quantum number ν can be expressed as ψ ∝ e −iωt e iνφ , associated with the asymptotically time-like Killing vector ∂ t and the azimuthal Killing vector ∂ φ . The Landau states have a vanishing canonical angular momentum around a black hole in electrostatic equilibrium with horizon charge q = 2BJ, where J is the angular momentum of the black hole. With the sign convention that B is parallel to Ω H , we have V F = νΩ H with ν = eA φ (for e − ). Here, A a = B(∂ φ ) a /2 denotes the vector potential of the Wald-field in electrostatic equilibrium (Wald 1974) . Spontaneous emission pertains to the radiative states ω < V F (which is anti-symmetric under pair-conjugation).
The rate of spontaneous emission follows from a local pair-production rate per unit of volume, given a level shift between the energy-at-infinity ω and the energy as seen by ZAMOs ω Z due to frame-dragging:
An equivalent classical picture arises by identifying a frame-dragging induced potential energy V BL = eβA φ as seen in Boyer-Lindquist coordinates. It may be noted that a zero angular momentum observer experiences a zero electrostatic potential everywhere relative to infinity in the present Wald-equilibrium state. Since β describes a differentially rotating space-time structure surrounding the black hole, the level shift νβ is not a gauge-effect. Scattering in this differentially rotating background can be studied in the WKB approximation (Hawking 1975 , Gibbons 1976 , Damour 1977 ; cf. also Goldreich & Tremaine 1973) . The gradient η = −∇V BL parallel to B drives a pair-production rate per unit volume by the Schwinger-process (van Putten 2000a) 
where θ is the poloidal angle in Boyer-Lindquist coordinates.
The pair-production rate is sufficiently large to saturate against the finite horizon surface resistivity of 4π:
The density of primaries thus produced as seen in Boyer-Lindquist coordinates is of the order of n p ∼ B/16π 2 M . The energetic primaries produce descendants through curvature radiation, which establishes a pair-density n >> n p (a charge-conserving process). If the outflow would come to rest and become current-free, the pairs, subject to η, would polarize and settle down to a GoldreichJulian charge density ±en GJ = en p and suppress a continuation of the pair-creation process (n GJ is of the order of BΩ H ∼ B/2M ). However, the electric current in the outflow is subject to (3) and, given the RR-boundary conditions on the open field-lines, some pair-creation must proceed. This is not so different from the analogous case in pulsar magnetospheres (Goldreich 1972 , Goldreich & Keely 1973 . In its simplest form, this points towards a gap between an inner and an outer region, each in polarized equilibrium, i.e.: with their Goldreich-Julian densities of electric charge. The gap between is not force-free, where η remains effective in creating the necessary primaries. Are such gaps stable?
A local analysis of the stability of gaps can be performed on two plane-parallel plates with surface charge densities ±σ and separation l. When the electric field is large, and the chemical potential of σ in this abstract formulation is assumed to be infinite, there will be two pressures which act with opposite sign on the plates: an electrostatic attraction and a momentum flux from spontaneous emission. The former has no macroscopic length scale to it, whereas the latter depends on l. This has some interesting consequences. In what follows, natural units are used for the electromagnetic interactions. For super-critical E = 4πσ, the pair-production rate is predominantly into the lowest Landau state at a rateṅ = (e 2 /4π 2 )e −πEc/E EBl per unit area in the presence of a uniform magnetic field normal to the plates (Gavrilov & Ditman 1996 , Lin 1998 . The charge and momentum of the pairs produced are absorbed by the plates:σ = −eṅ and there is a positive particle pressure p p = eElṅ. The electrostatic attraction is p e = Eσ per unit area. The plates will move apart when p p > p e , or l > l c = e πEc/2E e 3 B/π .
It should be mentioned that the energy in this process derives entirely from breaking down the culumn density of electrostatic field energy E = lE 2 /8π. In the presence of a super-critical electric field therefore, the plates promptly move apart when their initial separation l exceeds a critical value l c ∼ 10B −1/2 .
A stationary gap in the outflow on open field-lines surrounded by force-free regions at either side will be unstable, provided that these regions are sufficiently opaque. A gap should have dimension l ≥ n −1/3 GJ ∼ 10 −6 cm for B ∼ 10 16 G. Within a distance M from the black hole, the induced potential drop η in Boyer-Lindquist coordinates is of order B, and hence super-critical. Primaries produced in the gap rapidly reach equilibrium against curvature radiation. Hence, their linear momentum flux into the surrounding force-free regions is effectively carried by photons, for which the appropriate optical depth is given by τ ∼ (n/n GJ )n GJ M σ T h ∼ (n/n GJ )Bσ T , where n is the density of e ± and σ T is the Thompson cross-section. Pair-cascade by curvature radiation introduces n >> n GJ . Hence, a force-free region at either side of the gap would have τ >> 1 for the present magnetic field-strengths. Since l c m e ∼ 1 for the field-strength at hand, the force-free regions surrounding the gap are unstable against the radiation produced in between, in the absence of any pressure support from baryonic matter. That is, the gap is radiatively unstable, and it will expand. This shows that the spontaneous emission process by the black hole remains in effect and is stable within the region of linear size M where differential frame-dragging is effective.
It should be noted that pair-production, necessitated by the imposed current density j ∝ BΩ H ∼ B/2M on field-lines which penetrate the horizon, may also take place through curvature cascade (Blandford & Znajek 1977 ). This channel is more accessible in view of the macroscopic length scale L ≤ M available for acceleration of the charged particles which produce the required curvature radiation. However, these wider gaps of dimension L are subject to a similar instability. Indeed, since most of the linear momentum produced in the gap is carried by the minimally required curvature radiation, this gives a differential radiation pressure [p γ ] ∼ EjL on the two plates in the abstract formulation. Here E > M 2/3 m 4/3 e L −4/3 is a lower bound on E set by the condition of pair-creating curvature radiation. The differential electrostatic pressure is [p e ] = 2Eσ. The process is unstable when
e B −3/7 ∼ 0.1cm for B = 10 16 and M = 10 6 cm. Evidently, this shows that l c << L c << M , where the second inequality here implies that also these larger gaps are radiatively unstable.
The magnetic field near the black hole is a superposition of the external magnetic field and the magnetic field produced by corotation of the Wald charge q = 2BJ with the horizon (Wald 1974 , Dokuchaev 1987 ). The former is a 'bi-dipole' magnetic field, associated with a net magnetic moment in the surrounding matter, whereas the latter is described by the vector potential −BM (∂ t ) a (a ∼ M ). Both magnetic fields are curved with curvature R of order M . The outflow in primaries, therefore, promptly develops by pair-cascade into a e ± γ-wind, which streams to infinity along the open field-lines.
Primaries introduce a current at a minimum opening angle of (B c /3B) 1/2 away from the axis of rotation in the Wald-equilibrium state of q = 2BJ. A continuous outflow establishes with appropriate current closure, so that q remains constant and presumably somewhat in excess of 2BJ, with the sign convention of B parallel to Ω H . Inspection shows that current closure over the polar axis introduces Poynting flux with negative helicity, whereas current closure over a gap across the equator of the black hole and the bag of the torus (corresponding to the so-called last closed field-line in pulsar magnetospheres) introduces Poynting with positive helicity -indicative of positive energy and angular momentum transport outwards. As the latter is energetically favorable over the former, thereby leaving negligible Poynting flux over the axis of symmetry. A similar conclusion has been found in the case of current closure around neutron stars (Goldreich 1973) . Note that q = 2BJ introduces a vanishing Goldreich-Julian density on the axis of rotation, whence a suppressed poloidal electric field component nearby. It follows that the black hole-wind is pairdominated with the property that σ = L S /L p ∼ 0, where L S and L p are the luminosities in Poynting flux and pairs, respectively (van Putten 2000b) .
The presented linear accelerator-curvature radiation launched jet is of high Lorentz factor and low density relative to thermally launched jets, as when generated from an electron-positron fireball from neutrino-antineutrino annihilation (Woosley 1993) . It is of interest to look for specific signatures in the GRB-afterglow emissions which can discriminate between these two processes.
